Background: Amazonian riverside communities consume large quantities of freshwater fish, comparable to marine fish consumption of Inuit, Scandinavian and Japanese populations. Few studies have considered the relation of high freshwater fish consumption and intake of omega-3 fatty acids (FA). Objective: The objective of the present study was to determine the profile of the concentrations of plasma phospholipid FAs and its relation with freshwater fish intake in 12 riverside communities in the Tapajós River basin (State of Pará, Brazilian Amazon). Design: This cross-sectional study included 333 adults (15 -86 years old). Fish meal frequency was determined using a 7-day interview-administered dietary recall questionnaire. Fish were categorized as piscivorous and non-piscivorous fish on trophic level. Plasma phospholipid FAs were measured by capillary gas-liquid chromatography. Results: Participants consumed 5 to 6 fish meals a week, with twice as many non-piscivorous fish than piscivorous fish (4.4 fish/week vs 2.2 fish/week, respectively). The omega-3 FA levels in plasma phospholipids were low (EPA + DHA = 31.21 mg/L; %EPA + DHA = 2.59%). Omega-3 FAs increased with frequency of fish intake, and particularly with piscivorous fish, controlling for sociodemographic, anthropometric and lifestyle characteristics. DHA levels were greater in women than in men. Conclusions: Omega-3 FA in this Amazonian population increased with fish consumption, but although they consumed freshwater fish almost daily, the concentrations of omega-3 FA were relatively low and comparable to fish-eater communities for which fish is not a dietary mainstay. It is possible that nutrients present in marine, but not in certain freshwater fish species, may facilitate absorption of omega-3 FA. Sex and/or gender differences must be taken into account when assessing the relationship between fish consumption and plasma phospholipid omega-3 FA levels.
Introduction
Over the past 20 years, there has been a growing recognition of the importance of omega-3 fatty acids (FA) for health. Fish and seafood consumption have been encouraged as part of a healthy diet despite the fact that certain fish accumulate contaminants such as mercury (Hg). Although strong evidence supports fish consumption as a source for omega-3 FA intake, notable differences exist between marine and freshwater fish. Indeed, many studies have shown that the magnitude of the relation between fish intake and omega-3 levels in blood varies substantially [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Most of our knowledge on the relation between fish consumption and omega-3 FAs was obtained from populations with high levels of consumption of marine fish, such as Inuit, Scandinavian and Japanese populations [1, 2, 4, 5, 8, 10, 13, [15] [16] [17] . Few studies have specifically examined this question with regard to freshwater fish eating populations [18] [19] [20] , and for the majority of these, fish consumption was not a traditional dietary practice [3, 5, 7, 18, 20, 21] . tion of persons living in riverside villages eat fish daily or at least several times per week [22] [23] [24] [25] [26] . Many studies have been published on Hg exposure through fish consumption in this region (for review see [27] ), but, to date, no study has examined omega-3 FA profiles and fish consumption in this population. The objectives of the present study, carried out in riverside communities of the Tapajós Basin in the Brazilian Amazon, were to determine the general profile of long-chain omega-3 FA and other FA in plasma phospholipids and to examine their relation with fish consumption in both genders.
Experimental Methods
The present study was part of the Caruso Project, a large interdisciplinary and ecosystemic investigation in the Lower Tapajós River valley of the Brazilian Amazon (http://www.unites.uqam.ca/gmf/caruso/caruso_home.htm). This project examined Hg sources and dynamics in the environment, human exposure and health effects, with a view to maximizing the use of nutritional local resources and minimizing Hg exposure [27] [28] [29] .
Study Population and Design
The study population was recruited from 12 villages located in the Lower Tapajós River Basin on the main channel and meanders of the river (Figure 1) .
No significant cross-over exists between villages. The cross-sectional design, which used convenience sampling, is described in Lemire et al. [30] . Recruitment was carried out by house-to-house invitation and at village meetings in April 2006. The research project was explained and persons of 15 years and older were invited to participate on a voluntary basis. The study was carried out from May to July 2006 at a technical school in the nearby city of Itaituba. Villagers who accepted to participate in the study were scheduled and boats were sent to the villages to bring them to the city.
Of the 450 persons who participated in the study, blood samples were taken from 448 persons and 348 were analyzed for plasma total phospholipid FA. From these, ten (10) pregnant or lactating women were excluded from the present analyses since omega-3 FAs are preferentially released to the fetus or breast milk. A further five (5) persons who reported diabetes were likewise excluded from the analyses to avoid extreme values of omega-3 FAs. The present analyses are based on a total of 333 persons from nine (9) villages. The study was approved by the Ethics Review Boards of the University of Quebec at Montreal, of the Federal University of Rio de Janeiro and of the Faculty of Pharmaceutical Sciences of the University of São PauloRibeirão Preto. All participants signed an informed consent form, which was read to them. There was no remuneration for study participation.
General Characteristics of the Study Population
A questionnaire, including socio-demographic characteristics (sex, age, education, etc.), lifestyle habits (alcohol and cigarette intake) and a series of questions on the history of diagnosed illness, was administered by trained Brazilian interviewers. Anthropometric measures, taken by a nurse, included height and body weight with light clothing. Body mass index (BMI) was calculated in kg·m −2
. Current medication was noted by research assistants when visiting the participants at their home before travelling to the city of Itaituba; it was later classified by medication family.
Fish Consumption
An interview-administered 7-day food frequency questionnaire was used to survey frequency of fish intake (Passos et al. [31] ). For each meal of the previous week, participants were asked whether they had eaten fish and if so, to name the fish. It should be noted that persons living in this area have an extensive knowledge of fish and no one was unable to identify the different fish by their common name. Since quantities of FA vary among fish species, for the present analyses fish were classified into piscivorous or non-piscivorous fish according to their feeding habits and trophic classification [32] . Total fish consumption was calculated as the sum of piscivorous and non-piscivorous fish.
Blood Sampling
On the day of the interview, a trained Brazilian nurse collected a 6-ml blood in "trace metal free" evacuated tubes (BD Vacutainer ® ) containing heparin as anticoagulant. For plasma separation, blood samples were centrifuged (800 × g for 6 min). Plasma fractions were then pipetted into Eppendorf tubes (2 ml), previously cleaned in a class 100 clean room, and immediately frozen at −20˚C. They were stored at −80˚C until analysis at McGill University (Canada).
Plasma Phospholipid FA Analysis
Total plasma phospholipid FA were measured using a modified method of Bondia-Pons et al. [33] Briefly, FA were extracted from 200 μL of plasma using the method of Folch et al. [34] followed by addition of internal standard 1,2-diheptadecanoyl-sn-glycero-3-phosphoethanolamine (C17PE) (Avanti Polar Lipids, Alabama, USA). Phospholipids were separated using solid phase extraction with 100 mg aminopropyl BondElut cartridges (Varian Inc., CA, USA) under vacuum. Elution was according to Bondia-Pons et al. [33] with addition of a final wash step using 3 × 0.5 mL chloroform/methanol/0.8 M sodium acetate (60:30:4.5 v/v/v). Eluant was then evaporated under nitrogen and reconstituted in 1.5 mL of methanol. Phospholipids were methylated using trifluoridemethanol for 90 min at 100˚C, evaporated and dissolved in hexane [33] . Samples (1 μL) were injected in splitless mode into a gas chromatograph system (Varian CP-3800, Varian Inc., CA, USA) equipped with a flame ionization detector, a Varian 8400 autosampler and a capillary column (60 m × 250 mm I.D., 0.25 μm film thickness, CP-8824, Varian Inc., CA, USA). The injector and detector temperature were maintained at 260˚C with hydrogen as the carrier gas (16.6 mmHg) while the oven temperature increased from 60˚C to 230˚C with run time of 75 min. The methyl ester peaks were determined by comparison of their relative retention times with those of a mixture of FAMEs (FA methyl ester) standards (NuChek Prep, MN, USA). Quantification of the FAMEs was calculated relative to the amount of the internal standard C17PE recovered using Galaxie software version 1.9.3.2 (Varian Inc., CA, USA) Omega-3 FA (alpha-linolenic acid-ALA, eicosapentaenoic acid-EPA, docosahexaenoic acid-DPA, docosapentaenoic acid-DHA), omega-6 FA (linoleic acid-LA, arachidonic acid-AA), sum of polyunsaturated FA omega-3 and omega-6 (PUFA), sum of saturated FA (SFA) and sum of monounsaturated FA (MUFA), as well as their percentage of total plasma phospholipid FA, were considered in the present study. The concentration of each plasma phospholipid FA was expressed as absolute concentration (mg/L) and as percentage of total plasma phospholipids FA, allowing for comparisons with other studies.
Statistical Analysis
Baseline characteristics were calculated as mean, minimum-maximum, and percentiles ( , alcohol consumption (Yes or No), current smoking status (Yes or No), and cardiac medication intake (Yes or No). Two main regression models were performed with frequency of fish consumption. The first regression model included simultaneously piscivorous and non-piscivorous fish consumption, while the second model included total fish.
The box plot technique, with analytical procedure for detecting extreme outliers (Grubbs' Test) from the distribution of residuals in models, was used. The limit of significance of Grubbs' Test was set at ≤ 0.05.
Analyses were performed using SPSS version 19 (SPSS Inc., Chicago, IL) and JMP software package version 9 (SAS institute INC, Cary, NC, USA).
Results

General Characteristics of the Study Population
The general characteristics of the 333 persons (174 men and 159 women) included in the present analyses are summarized in Table 1 . Their age ranged from 15 to 86 yrs; mean age was 42 yrs (39 and 43 yrs for women and men, respectively). BMI averaged 24.6 kg·m −2 and was similar in men and women (Wilcoxon/Kruskall-Wallis Rank Sums test, p = 0.339). BMI was significantly higher in women of 45 years old and more, compared to younger women (Wilcoxon/Kruskall-Wallis Rank Sums test, p = 0.003). No relation with age was observed for BMI in men. More than half of the participants (54.8%) reported drinking alcohol (110 men and 72 women), but most were occasional drinkers (37.53%) or regular drinkers (45.34%). A quarter of the participants (25%) were current smokers (58 men and 24 women), but the number of cigarettes/day was low (mean = 8; median = 6). Although smoking status was not related to age, young people (less than 45 yrs) drank significantly more than older ones (Pearson's Chi square test, p = 0.63 and <0.0001, respectively). Cardiac medication was taken by 11% of the participants (15 men and 23 women).
Fish Consumption Frequency
Overall, the mean frequency of non-piscivorous fish consumption was twice as high as piscivorous fish (mean (median): 4.4 (2) fish/week vs 2.2 (2) fish/week, respectively) (Wilcoxon/Kruskall-Wallis Rank Sums test, p = 0.001). The mean frequency of total fish consumption was 5.6 fish/week (median = 5 fish/week). Aracu (Shizodon sp.), pescada (Plagioscion sp.), pacu (Mylossoma sp.), jaraqui (Semaprochiloidus sp.) and caratinga (Geophagus sp.) were the most commonly consumed species. The consumption frequency for total, piscivo-rous and non-piscivorous fish was similar between men and women and between age groups (Wilcoxon/ Kruskall-Wallis Rank Sums test, p > 0.10). Comparable results were observed on the species level, with the exception of caratinga and pacu, which were preferentially consumed by women and older persons (≥45 yrs and more), respectively. For both men and women, the frequency of fish consumption was not related to BMI, alcohol consumption or current smoking status, (Wilcoxon/ Kruskall-Wallis Rank Sums test, p > 0.10). Persons taking cardiac medication consumed fish at the same frequency as the rest of the participants.
Concentrations of Plasma Phospholipids FA
The general characteristics of concentrations of plasma phospholipid FA in the study group are presented in Table 2 . DHA presented the highest concentrations, while ALA showed the lowest. DHA concentrations were on Abbreviations: FA, fatty acid; ALA, alpha-linolenic acid (C18:3 n-3); EPA, eicosapentaenoic acid (C20:5 n-3); DPA: docosapentaenoic acid (C22:5 n-3); DHA, docosahexaenoic acid (C22:6 n-3); LA: linoleic acid (C18:2 n-6); AA: arachidonic acid (C20:4 n-6); sum of omega-3 FA = C18:3 + C20:5 + C22:5 + C22:6; sum of omega-6 FA = C18:2 + C18:3 (n-6) + C20:2 + C20:3 + C20:4 + C22:4; SFA, saturated FA; MUFA, monounsaturated FA; PUFA, polyunsaturated FA; tal ratio of n-6:n-3 FA: sum of omega-6/omega-3 FA. to average 4.5 times higher than those of EPA. The concentrations of EPA, DPA, and DHA in plasma phospholipids were highly correlated (0.55 < Rho < 0.88) in both men and women, and in the two age groups. Similar results were found for percent values but with slightly lower rho coefficients (from 0.57 to 0.74).
DHA and %DHA were significantly higher in women than in men (Wilcoxon/Kruskall-Wallis Rank Sums test, p = 0.0005 and p = 0.05, respectively). After adjusting for age, BMI, alcohol consumption, current smoking status and cardiac medication, the difference of DHA and %DHA levels between women and men gained in significance (Wilcoxon/Kruskall-Wallis Rank Sums test, p ≤ 0.0001 and p = 0.007, respectively). ALA, sum of EPA and DHA (EPA + DHA) and its percentage (%EPA + DHA), and omega-3 FA were also greater in women than in men (Wilcoxon/Kruskall-Wallis Rank Sums test, p = 0.015, 0.001, 0.046, and 0.002 respectively), while no sex difference was observed for %ALA, DPA, %DPA, EPA, %EPA, %omega-3 FA and the total n-6:n-3 FA ratio. Women showed higher concentrations in LA and AA, sum of omega-6 FA, SFA and MUFA, compared to men (Wilcoxon/Kruskall-Wallis Rank Sums test, p ≤ 0.05). Although some FA showed differences between women and men when taken individually, the general profile of FA was similar in women and men (Figure 2) . Figure 3 shows the age-related increase in DHA and in EPA, which were similar in men and women (interaction term sex * age, p > 0.05).
Comparable associations were generated for both absolute and percentage values of any omega-3 FAs, except for %ALA, which was not related with age. AA, sum of omega-6 FA, SFA, MUFA and PUFA increased with age too, except for the total n-6:n-3 FA ratio, which decreased in older persons. In percentage values, there was an increase in %AA and %MUFA with age and a decrease in %omega-6 FA and %PUFA.
A positive relation between all individual omega-3 FA measures, PUFA, SFA, MUFA and BMI was present in women after controlling for age, while this was not the case for men.
Men consuming alcohol presented lower concentrations of EPA, %EPA, %DPA, and %MUFA (Wilcoxon/ Kruskall-Wallis Rank Sums test, p ≤ 0.05) than men who did not. The total n-6:n-3 FA ratio was greater among drinkers (Wilcoxon/Kruskall-Wallis Rank Sums test, p = 0.03). No relation between DHA, SFA and alcohol consumption was found in men. Fewer women than men reported drinking alcoholic beverages, but there was no difference in any FA between women drinkers and nondrinkers (Wilcoxon/Kruskall-Wallis Rank Sums test, p > 0.05).
No significant relation was found between smoking status and any plasma phospholipid FA in men and in With the exception of ALA, persons taking cardiac medication presented higher values of EPA, DPA, DHA, EPA + DHA, LA, AA, sum of omega-3 FA, omega-6 FA, PUFA, SFA, and MUFA (Wilcoxon/Kruskall-Wallis Rank Sums test, p ≤ 0.05). Table 3 shows the results of the multiple linear regression models with plasma phospholipid FAs as response variables and fish consumption frequency as predictive factors, when controlled for age, sex, BMI, alcohol consumption, current smoking status, cardiac medication intake and villages. EPA, DHA, EPA + DHA and omega-3 FA significantly increased with fish consumption frequency in the model with both piscivorous and non-piscivorous fish consumption and in total fish consumption model (for both absolute and percent values). All the regression models included age (years), sex, body mass index or BMI (kg·m These relations were stronger for piscivorous fish consumption than for non-piscivorous fish. Figure 4 shows the relation between EPA, DHA and the frequency of piscivorous and non-piscivorous fish intake.
Plasma Phospholipid FA and Frequency of Fish Consumption
The scatterplots did not suggest any plateau effect of fish consumption frequency upon the concentrations of any omega-3 FA. In both men and women, the frequency of fish consumption in both models contributed a similar proportion (R 2 ) to DHA and to EPA (46.06 vs 44.96 in piscivorous and non-piscivorous fish model; 45.43 vs 45.27 in total fish model). Similar results were observed for %DHA, %EPA, EPA + DHA, and %EPA + DHA based models. ALA and %ALA showed a positive relation with the frequency of non-piscivorous and total fish consumption, while there was no significant relation with piscivorous fish consumption. No association was found between DPA, %DPA and non-piscivorous fish. The n-6:n-3 ratio decreased with increasing piscivorous fish or total fish consumption. No relation was found between other FA and the fish consumption frequency, except for individual omega-6 FA (LA, %LA, %AA, and AA), which significantly increased with piscivorous fish and/or total fish consumption. Figure 5 shows the results of the multiple linear regression analyses between FA and frequency of fish consumption (piscivorous and non-piscivorous fish model). In general, the relations between omega-3 FA and frequency of fish consumption were stronger when omega-3 FAs were expressed as a percent value than as an absolute value.
Discussion
Although this Amazonian population consumed, on average, 5 to 6 of fish meals per week, omega-3 FA concentrations were low compared to other studies that have used similar analytical techniques [2] [3] [4] [5] 10, 11, 35] . This is reflected in the relative proportion of omega-3 FA to total FA, which can be compared from one study to the next. In this population, the relative proportion of omega-3 FA is lower than those reported for moderate to high freshwater fish consumers [3, 4, 9, 11, 12] and for marine fish consumers [1, 2, 5, 8, 10, 13, 15] . It is however comparable to or slightly higher than those reported for low to moderate freshwater fish eating communities [6, 7, 15, 18] .
In the present study, fish diet consisted exclusively of freshwater fish. For the most part, freshwater fish are leaner than marine fish and thus contribute to lower intake in omega-3 FA [36] [37] [38] [39] [40] . Here, the contribution of freshwater fish to omega-3 FA intake may be reduced, since the most commonly consumed fish were non-piscivorous, which are known to be low in omega-3 FA. Indeed, due to their low position in the aquatic food chain, non-piscivorous fish accumulate much less omega-3 FA than do piscivorous fish [38] . Because fish cooking method was not recorded in the questionnaire, its influence on the low omega-3 FA levels in phospholipids could not be evaluated.
This Amazonian population presents a high ratio of n-6:n-3 FA (~11:1) relative to Inuit, Indian and Japan communities (from 4 to 6.5 [41] [42] [43] ) but comparable to those observed in low to moderate fish eaters in Quebec (from 9.7 to 1 [6, 7] ). This n-6:n-3 FA ratio is however lower than those reported for western diets, which regularly exceed 15:1 in Europe and North America [42, 44] . It would be useful for future studies to identify the sources of omega-6 FA in these communities.
The sex-related differences observed for DHA corroborate other population-based studies [5, 6, 11, 35] that show greater DHA concentrations in women compared to men. The difference cannot be explained by fish diet because fish consumption was similar in men and women regardless of age. The age-related increase in DHA and %DHA in the present study were similar in men and women. There is indeed some evidence that men and women differ in their ability to synthesize DHA. Some studies have shown that women have a better capacity to synthesise DHA from ALA [45] [46] [47] [48] [49] and/or a lower facility to retro-convert DHA into EPA than men [48, 50, 51] . Alternatively, reproductive hormones can modify DHA concentrations by altering the expression of desaturase and elongase enzymes [45, 51, 52] .
The observation of an association between alcohol intake and EPA in men, but not with DHA, suggests that alcohol facilitates DHA peroxidation or its retroconversion to EPA [46, 49] as suggested by Saadatian-Elahi et al. [12] .
The present study showed that the frequency of freshwater fish intake was reflected in the concentration of plasma phospholipid omega-3 FA, even after controlling for age, sex, BMI, alcohol consumption, current smoking status, cardiac medication intake and communities. The relation between plasma phospholipid omega-3 FA and piscivorous fish was much stronger than for non-piscivorous fish, even though non-piscivorous fish were consumed more than twice as much than piscivores. It is noteworthy that at comparable low plasma omega-3 FA levels, in [7] and [18] the authors did not observe a positive relation between freshwater fish intake and omega-3 FA, whereas in the present study of persons who eat fish almost daily, there was a strong relation. The strongest association was found between piscivorous fish, total fish and DHA, whereas weaker associations were found with EPA, similarly to previous reports [11, 12] .
Several studies have shown a plateau effect of intake frequency of marine fish to omega-3 FA levels after about two meals of fish per week [10] . We did not observe a plateau, although the present mean intake frequency of fish was considerably greater than 2/week. This could be explained by the lower omega-3 FA content in freshwater fish compared with that in marine fish.
Conclusion
Although the participants in the study consumed freshwater fish daily or several times per week, the concentrations of omega-3 FA in plasma phospholipids were relatively low and comparable to fish-eater communities for whom fish is not a dietary mainstay. This may support the hypothesis that nutrients in marine fish, but not in certain freshwater fish, facilitate omega-3 absorption. The low contribution of freshwater fish to omega-3 FA could explain the absence of a plateau effect of fish intake to omega-3 FA levels, which is generally observed for marine fish. Nonetheless, the frequency of freshwater fish intake (especially piscivorous fish) was reflected in the concentration of plasma phospholipid omega-3 FA. Significant differences in omega-3 FA levels were observed for sex, age, alcohol consumption, medication and communities, and these factors should be considered as Plasma Phospholipid Omega-3 Fatty Acids and Freshwater Fish Consumption in the Brazilian Amazon 146 co-variates in the omega-3 FA based models.
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